SMOS observations provide an opportunity to develop a testbed for the evaluation of different SMAP algorithm options. The use of real-world global observations will help in the development and selection of different land surface parameters and ancillary observations needed for the soil moisture algorithms. In this study, SMOS observations were used with one soil moisture retrieval algorithm and the results were evaluated using in situ soil moisture measurements. The SMOS soil moisture product, which exploits multiple incidence angle observations, compares well with the ground-based observations (RMSE 0. (descending)). Although preliminary, these initial results are encouraging for the potential of SMAP to meet its required soil moisture accuracy.
INTRODUCTION
The objectives of the proposed SMAP (Soil Moisture Active Passive) mission are global measurements of soil moisture and land freeze/thaw state at 10 km and 3 km resolutions, respectively. SMAP would also provide soil moisture estimates at a 40 km resolution based solely on the passive microwave radiometer measurements. The target accuracy is 0.04 m 3 /m 3 [1] . In this paper we contribute to the development of this level 2 radiometer-only soil moisture algorithm by exploiting the data available from the Soil Moisture Ocean Salinity (SMOS) satellite. SMOS brightness temperatures provide a global real-world, rather than simulated, input for evaluating the radiometer-only soil moisture algorithm alternatives. The output of the potential SMAP algorithm/ancillary data options are then compared to both in situ measurements and SMOS soil moisture products. The first phase of this investigation is reported here. These studies will contribute to both the selection and refinement of the SMAP pre-launch algorithms for soil moisture.
METHODOLOGY AND APPROACH
The European Space Agency SMOS mission was launched late in 2009 and uses a 2-D synthetic aperture microwave radiometer operating at 1.4 GHz [2, 3] to provide fully polarimetric and multiple incidence angle observations of brightness temperature. Here, microwave observations from the SMOS mission are reprocessed to simulate SMAP observations at a constant incidence angle of 40
o . This provides a brightness temperature data set that closely matches the observations that would be provided by the SMAP radiometer.
The reprocessed brightness temperature data provide a basis for evaluating different SMAP algorithm alternatives. Several algorithms are being considered for the SMAP radiometer-only soil moisture retrieval: (a) Single Channel Algorithm (SCA): based on the radiative transfer equation and uses the channel that is most sensitive to soil moisture (H-pol). Brightness temperature is corrected for the effects of temperature, vegetation, roughness and soil texture (static ancillary data sets) [4] . (b) Land Parameter Retrieval Model (LPRM): a two-parameter retrieval model (soil moisture and vegetation opacity) based on a microwave radiative transfer model. It uses the microwave polarization difference index at 1.4 GHz and emissivity to parameterize vegetation opacity and estimate soil moisture [5] . (c) Iterative Algorithm: uses multiple polarizations to iteratively solve for soil moisture and vegetation opacity [6] .
The planned analyses will also aid in the development and selection of the different land surface parameters (roughness and vegetation parameters) and ancillary data sets needed in the soil moisture algorithm. The ancillary datasets required are dependent on the choice of the soil moisture algorithm. For example, the SCA might use (a) SMOS-estimated vegetation optical depth, (b) MODISbased vegetation climatology data, or (c) actual MODIS observations. The first step in this investigation is the implementation of the single channel algorithm. This paper will focus on the implementation of the SCA using the SMOS-based simulated SMAP radiometer dataset and the evaluation of different vegetation and surface temperature sources.
DATASETS FOR EVALUATION OF RESULTS
Several different datasets will be used to evaluate the performance of the soil moisture algorithm (a) SMOS soil moisture estimates, (b) European Centre for Medium-Range Weather Forecasts (ECMWF) model-based soil moisture estimates, (c) USDA ARS in situ watershed networks, observations, and (d) other international in situ soil moisture observations.
The USDA ARS watersheds provide a dense network of long-term and high quality soil moisture measurements at the nominal spatial scale of passive microwave satellite observations. Four soil moisture networks (Walnut Gulch, Arizona; Little Washita, Oklahoma; Little River, Georgia; and Reynolds Creek, Idaho) have been developed and used as part of the AMSR-E validation program [7] and recently applied to the SMOS products [8] . Table 1 provides a brief summary of the watershed characteristics. In situ observations from other international locations (if available) will also be used to evaluate the soil moisture results in later stages of analysis. This would provide a greater range of climate, geographic and vegetation conditions.
RESULTS
The SCA was applied to the SMOS/SMAP data set. The roughness parameter (h), vegetation parameter (b) and the single sc European Centre for Medium-Range Weather Forecasts (ECMWF) estimates of soil temperature for the top layer (as provided as part of the SMOS ancillary data) were used to correct for surface temperature effects and derive emissivity. ECMWF data was also used for precipitation forecast, presence of snow and frozen ground. Figure 1 shows estimated soil moisture using the SCA algorithm with the SMOS/SMAP data for the ascending orbits (overpass time of 6 AM) on July 1, 2010. A vegetation climatology using 10 years of MODIS observations was used to correct for vegetation effects. The soil moisture spatial patterns are consistent with geographical features. The estimated soil moisture is very low for desert and arid regions (Africa, Middle East, Central Asia, and Central Australia). High values of soil moisture were observed for forested areas in northern latitudes (Canada and Russia). High soil moisture is also observed over South America. 
Global Evaluation

In Situ Watersheds
Soil moisture observations from the USDA ARS watersheds were compared to the soil moisture estimates. One year of SMOS observations from Jan-Dec, 2010 were used in this analysis. Soil moisture estimates using three different methodologies were used in the comparison. (1) SMOS soil moisture estimates (version 400) were extracted over each watershed region. Jackson et al. [8] provides a detailed analysis of the SMOS validation using these in situ observations. (2) SCA soil moisture estimates using the SMOS/SMAP data with SMOS estimated vegetation optical depth (tau), which is part of the SMOS level 2 product. (3) SCA soil moisture estimates using the SMOS/SMAP data and the MODIS based vegetation climatology data. Figure 2 shows the comparison between observed and estimated soil moisture over the Little Washita and Little River watersheds for the ascending orbits, both of which exhibit a wide range of soil moisture during the observations period. Table 2 shows the error statistics for the soil moisture retrievals over the watersheds for both ascending and descending orbits.
The SMOS soil moisture estimates compare well with the observations over the Little Washita watershed (Fig 2a) . The SMOS retrievals have a low bias and RMSE. The tau parameter has high day to day variability, and the level of tau appears to be higher than expected. A more detailed analysis of the SMOS tau parameter is presented in [8] . The use of tau in the SCA algorithm with the SMOS/SMAP data results in greater soil moisture variability and a positive bias. The SCA algorithm performs well when the MODISbased vegetation climatology was used in the retrievals. The soil moisture estimates have less scatter and a high correlation coefficient. Most of the error is because of a dry bias in the soil moisture estimates (-0.034 m 3 /m 3 ). The SMOS and SCA (MODIS) algorithms perform satisfactory over the Little Washita watershed. It should be noted that we implemented our own screening flags for the SMOS/SMAP retrievals. Some of the differences observed in the plots may be associated with these flags. Figure 2b shows the comparisons over the Little River watershed for the ascending orbits. The statistical summary in Table 2 indicates a higher RMSE and an overestimation bias for SMOS ascending than was found for the other watersheds. The SMOS soil moisture estimates have a high correlation coefficient but a positive bias as the soil moisture increases. The descending orbits have a higher bias resulting in a higher error. The tau estimates have high day to day variability and the level of the tau estimates is significantly higher than expected for the Little River watershed [8] . These higher values result in higher than expected soil moisture retrievals. There is a significant positive bias (0.082 m 3 /m 3 ). The soil moisture estimates are significantly better when MODIS vegetation climatology is used in the retrievals (RMSE=0.034 m 3 /m 3 ). The performance of all the algorithms deteriorates for the descending orbits over the Little River watershed.
Walnut Gulch and Reynolds Creek watersheds have a semiarid climate and have well drained soils. The range of observed soil moisture is limited in both the watersheds. The statistical comparison for the Walnut Gulch watershed (Table 2) indicated that there was good agreement between the watershed observations and SMOS soil moisture products with near zero bias. The SMOS tau product has a high variability. The use of tau in the SCA algorithm with the SMOS/SMAP data resulted in higher RMSE than using MODIS. There is a negative bias in the SCA retrievals for both ascending and descending orbits. Both the SMOS and SCA (MODIS) meet the target accuracy. Reynolds Creek watershed has a significant amount of topography. In order to eliminate the effect of snow on SMOS/SMAP retrievals, only data from July-September was used in the analysis (this is the same approach used with the [7] and [8] ). The SMOS retrievals compared well with the observed soil moisture observations. There was an underestimation bias for both the ascending and descending data, and the descending value exceeds the target accuracy. The SCA results have an underestimation bias that results in a high RMSE. As noted earlier, a constant value of the roughness parameter (h=0.1) was used for the entire analysis. Walnut Gulch and Reynolds Creek watersheds have coarse soils with a significant amount of rocks. It is possible the use of a constant roughness parameter resulted in a drier bias over these watersheds. Overall, the results are consistent for both ascending and descending orbits over the watersheds.
SUMMARY
The results of the first phase of our study indicate that, for the conditions evaluated, the SMOS soil moisture estimates are approaching the level of performance anticipated. The SCA algorithm was implemented using the SMOS/SMAP data set at a 40 degree incidence angle. The SCA (MODIS) soil moisture estimates performed well in comparison with the in situ observations. Initial results indicate the SMAP algorithms can meet the target accuracy requirement of 0.04 m 
